We describe a simplified isocratic HPLC method for the simultaneous determination of all-trans-retinol, 3 tocopherols (α-, δ-, and γ-tocopherol), and 8 carotenoids (lutein, zeaxanthin, canthaxanthin, β-cryptoxanthin, all-trans-lycopene, 5-cis-lycopne, α-carotene, and β-carotene) in human plasma, which uses a single C18 reversed-phase column (4.6 × 250 mm, 3 µm). A photodiode array detector was used to measure the UV-vis wavelength absorbance of retinol and the eight carotenoids, and fluorescence detection was used for the tocopherols. The linear ranges of the calibration curves for the calibration solutions injected into the HPLC column are 0.02-6.0 µg/mL for all-trans-retinol, β-cryptoxanthin and α-carotene; 0.01-3.0 µg/mL for δ-tocopherol, lutein, and lycopene; 0.08-24.0 µg/mL for γ-tocopherol; 0.3-90.0 µg/mL for α-tocopherol; 0.005-1.5 µg/mL for zeaxanthin and canthaxanthin; and 0.04-12.0 µg/mL for β-carotene.
Introduction
The concentrations of antioxidants such as tocopherols and carotenoids in the diet and plasma have been associated with a reduced risk of chronic diseases such as cancer and cardiovascular disease (1) (2) (3) (4) (5) (6) (7) . The growing interest in these fat-soluble compounds has led to the development of a number of high-performance liquid chromatography (HPLC) methods for the simultaneous separation and quantitation of retinoids, tocopherols, and carotenoids from foods and biological samples such as plasma and tissues (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) .
Of the existing HPLC methods, reversed-phase (RP) C18 and C30 columns have been widely used in order to separate and quantify retinoids, tocopherols and carotenoids. The polymeric C30 stationary phase provides superior resolution and unique separation that is specifically suited for the geometrical isomers of carotenoids (23, 26, 27) . However, because of the increased analysis time and poor sensitivity using a C30 column, the majority of simultaneous determinations of these compounds are currently performed using a polymeric C18 stationary phase with 5 µm spherical particles packed in 250 mm columns (25) . Because the isocratic mobile phase elution used in RP C18 columns did not provide good separation of lutein and zeaxanthin, as well as some carotene isomers, more complex methods such as a gradient mobile phase system, a column switch device, or a low temperature column chamber have been used to resolve these two xanthophylls. Lee et al. (15) , used an isocratic elution with two monomeric C18 columns, which were maintained at 35°C and 4°C, respectively, to separate 14 vitamins and three internal standards. The complex column switch device and the low temperature column chamber required to accomplish this work may not be readily available in most laboratories.
Part of the difficulty in resolving the various carotenoids may lie in the small differences in polarity between the carotenoids. A method that increases the number of theoretical plates may be a strategy to help resolve these analytes (9) . Columns packed with a smaller particle size such as 3 µm provide a higher number of theoretical plates compared with columns with 5 µm particles, and could provide a simple way to improve the resolution of the peaks without the use of the more complex gradient elutions and column switch devices. Few studies have used C18 stationary phase columns packed with 3 µm particles to separate carotenoids (9, 28) . Steghens, et al. (9) employed a 3 µm, C18 column with a step gradient elution for the separation of seven carotenoids (lutein zeaxanthin, canthaxanthin β-cryptoxanthin, lycopenes α-carotene, and β-carotene), retinol, α-tocopherol, and two internal standards (tocol and echinenone). Because of the lower sensitivity of UV detection and the baseline fluctuation caused by gradient elution, this method may not be suitable for measuring δ-and γ-tocopherol in plasma samples.
Previous studies have compared photodiode array (PDA) and fluorescence detectors to measure the absorbance of ultravioletvisible (UV-vis) wavelength and fluorescent emission of absorbed light, respectively, of tocopherols (15, 29) . These studies have found that fluorescence detection was more sensitive than the UV absorbance for tocopherols.
In this paper, a simple, rapid, and highly sensitive isocratic HPLC method is described; in this method a polymeric octadecylsilane column (3 µm particles) and simultaneous detection by a PDA detector for UV absorbance of retinol and eight carotenoids and a fluorometric detector for tocopherols are used to measure the concentrations of all-trans-retinol, α-, δ-, and γ-tocopherols, and carotenoids (lutein, zeaxanthin, canthaxanthin, β-cryptoxanthin, all-trans-lycopene, 5-cis-lycopne, α-carotene, and β-carotene) in plasma with the use of three internal standards (retinyl acetate, α-tocopherol acetate, and echinenone).
Experimental

Reagents and chemicals
All-trans-retinol, retinyl acetate, α-, δ-, γ-tocopherol, α-tocopherol acetate, β-carotene, lycopene, butylated hydroxytoluene (BHT), and triethylamine were purchased from Sigma-Aldrich (St. Louis, MO). Echinenone, lutein, zeaxanthin, canthaxanthin, and α-carotene were purchased from CaroteNature (CH-4419, Lupsingen, Switzerland), and β-cryptoxanthin was from ChromaDex (Santa Ana, CA). Two levels of standard reference materials (SRM 968c) were acquired from the National Institute of Standards and Technology (NIST, Gaithersburg, MD). HPLC grade methanol, acetonitrile, and hexane were purchased from EMD Chemicals (Gibbstown, NJ). ACS grade anhydrous ethanol was from Commercial Alcohols Inc. (Brampton, ON, Canada).
Blood collection and storage
Blood for method validation was collected from healthy subjects aged 20-29 years old who were participants from the Toronto Nutrigenomics and Health Study. Blood samples were collected after a minimum 12 h overnight fast at LifeLabs Laboratories (Toronto, ON, Canada). Subjects were only permitted to consume water prior to the blood draw. All blood samples were collected from the antecubital vein and protected from light. Plasma samples were collected in a 7 mL sodium-heparin tube and centrifuged at 1500 g for 15 min at 4°C within 2 h after collection. An aliquot of 2 mL was placed in an amber transport vial, frozen immediately, and transported on dry ice to the University of Toronto and stored at a temperature of -80°C until analysis. All subjects provided written informed consent and the study protocol was approved by the Research Ethics Board at the University of Toronto.
Preparation of calibration solution of standards
Stock solutions of each standard were prepared individually with appropriate solvents. All-trans-retinol was dissolved in ethanol-0.0625% BHT; retinyl acetate (internal standard 1, IS1) was initially dissolved with 1 volume of acetone before the addition of 4 volumes of acetonitrile. Stock solutions of α-, δ-, and γ-tocopherols and α-tocopherol acetate (internal standard 2, IS2) were prepared in ethanol-0.0625% BHT. Stock solutions of the hydrocarbon carotenoids including α-carotene and β-carotene were prepared in hexane-0.005% BHT, and lycopene was first dissolved in 1 volume of chloroform followed by 4 volumes of hexane-0.005% BHT. Canthaxanthin was dissolved in tetrahydrofuran. Other carotenoids including lutein, zeaxanthin, β-cryptoxanthin, and echinenone (internal standard 3, IS3) were dissolved in ethanol-0.0625% BHT. Because the carotenoids and tocopherols are very unstable and easily degraded, the concentrations of individual calibration standard solutions were confirmed by measuring the absorption in a specific solvent and wavelength with a UV spectrometer and checking the purity by HPLC. If the measured concentrations dropped significantly, fresh new stock solutions of the individual calibration standard were prepared. Extinction coefficients used to determine concentrations of calibration standards are listed in Table I . Ethanol-0.0625% BHT was used to dissolve the working solution of mixed calibrators containing γ-, δ-, and α-tocopherol (1 mg/L, 8 mg/L and 30 mg/L, respectively), all-trans-retinol (2 mg/L), lutein and lycopene (1 mg/L of each), zeaxanthin and canthaxanthin (0.5 mg/L of each), β-cryptoxanthin and α-carotene (2 mg/L of each), and β-carotene (4 mg/L). Aliquots of the working solution were distributed into amber vials and stored at -70°C. Each time before use, a vial of the calibrator working solution was thawed to room temperature and sonicated for 5 min. Seven levels of different concentrations of calibrator mixture were prepared by diluting the calibrator working solution in ethanol-0.0625% BHT. The concentrations of the internal standards in the mixed internal standard solution in ethanol-0.0625% BHT were 0.25 mg/L for retinyl acetate (IS1), 50 mg/L for α-tocopherol acetate (IS2), and 0.2 mg/L for echinenone (IS3).
Sample preparation
Plasma samples were stored at -80°C and extracted on the day of HPLC analysis. All sampling procedures were performed under low ambient light conditions to minimize light-induced degradation of antioxidants. For extraction, a 200 µL aliquot of plasma, 100 µL of the mixed internal standard solution, and 100 µL of ethanol-BHT (0.0625%) were pipetted into an amber microfuge vial, and vortexed for 15 s for deproteinization (8) . A volume of 1 mL of n-hexane-BHT (0.005%) was added to the mixture, which was then vortexed and shaken alternately for 5 min, and centrifuged for 3 min at 2000 g. The vial was placed on ice to improve phase separation after centrifugation and an aliquot of 900 µL of the supernatant was transferred to a 4 mL amber glass vial with a screw cap. The extraction procedure was repeated twice with n-hexane-BHT (0.005%) and the supernatants were pooled into the amber glass vial. The extract was evaporated to dryness under a stream of nitrogen, reconstituted in 100 µL of ethanol-BHT (0.0625%) by vortexing for 3 min, and transferred into a microvolume HPLC vial insert. Samples were then placed into the HPLC autosampler compartment at 10°C before injection.
Chromatographic conditions
The HPLC system consisted of a Waters 2690 Alliance HPLC system (Milford, MA), a Waters 996 PDA detector and a Shimadzu RF 535 fluorescence detector (Kyoto, Japan), controlled by Waters Millennium 32 data management software, 4.0 edition. A Waters Spherisorb 3 µm ODS2, 4.6 × 250 mm analytical column was used for the separation of all components. The chromatographic separation was performed by isocratic elution with a mixture of acetonitrile and methanol (65:35, v/v) containing 0.065% of triethylamine at a flow rate of 1.5 mL/min. The temperatures of the sample chamber and column oven were 10°C and 30°C, respectively. The injection volume on the column was 10 µL. The PDA detection wavelength range was from 200 to 500 nm. The fluorescence detector parameters were as follows: excitation wavelength, 285 nm; emission wavelength, 325 nm; response, medium; sensitivity, high; and range, 1024.
The concentrations of δ-, γ-, α-tocopherol, and α-tocopherol acetate (IS1) were determined by fluorescence detection. The carotenoids lutein, zeaxanthin, canthaxanthin, β-cryptoxanthin, lycopene, α-carotene, β-carotene, and echinenone (IS3) were quantified at 450 nm, and all-trans-retinol and retinyl acetate (IS2) were measured at 326 nm by PDA detection.
Calibration curves and quantification
External standard calibration curves were constructed by plotting the peak-area ratio of the analyte-internal standard against the concentration of the analyte. A linear least-squares regression analysis was performed for each analyte, and the final calibration curve for each analyte was the average based on ten-time replicates in which the correlation coefficient was above 0.99. Plasma concentrations of each analyte were quantified on the final calibration curves.
Recovery, reproducibility, and precision
For reproducibility and recovery studies, pooled human plasma samples were supplemented with different concentrations of the analytes of interest. Twelve sets of enriched samples were prepared to give the concentrations listed in Table II . Analyses were carried out within 24 h for within-day variation, and between-day variation was determined by repeating the same assay once a week for 6 consecutive weeks. Two lyophilized standard reference materials (SRM 968c) from NIST were processed to determine the accuracy of the method.
Results and Discussion
The six most common dietary carotenoids are lutein, zeaxanthin, lycopene, β-cryptoxanthin, α-carotene, and β-car- otene, which reportedly account for more than 90% of the carotenoids present in human plasma (30) . The critical issues for simultaneous analysis of these carotenoids along with the other antioxidants in human plasma include selectivity, sensitivity, and reliability. Figure 1 shows a set of overlaid chromatograms of the calibration standard mixture from different channels with PDA and fluorescence detection. All-trans-retinol and retinyl acetate (IS1) were detected at 326 nm and the seven carotenoids and echinenone (IS3) at 450 nm with PDA detection, and the tocopherols and α-tocopherol acetate (IS2) were measured with excitation wavelength 285 nm and emission wavelength 325 nm by fluorescence detection. Although separation of lutein and zeaxanthin can be achieved by the use of polymeric C18 or C30 columns with a gradient elution (23) , the retention of α-carotene, lycopene, and β-carotene tends to increase, resulting in decreased sensitivity. Because the smaller particle size of the column packing could provide a higher number of theoretical plates and, therefore, have higher resolution for separation, a polymeric C18 column packed with 3 µm spherical particles was used for testing with an isocratic elution method. With this approach, lutein and zeaxanthin were sufficiently resolved to enable their individual quantification.
To improve the resolution, ammonium acetate, acetic acid, and triethylamine have previously been used in the mobile phase (22, 24) . As a modifier, 0.065% triethylamine was added to the mobile phase, which improved the sharpness of each carotenoid peak. The use of an antioxidant such as BHT (9, 22, 25) , or ascorbic acid (12) during sample treatment is necessary to prevent degradation of carotenoids, especially lycopene and β-carotene. Therefore, the antioxidant BHT was added to each solvent used for the standard and sample preparation. Hexane containing BHT protected the carotenoids from degradation during the evaporation of the organic layers. Echinenone is a synthetic carotenoid and has structural and chemical properties similar to the naturally occurring carotenoids in plasma. The use of three internal standards allowed better quality control and helped to correct analytical variations occurring for each antioxidant during the extraction and chromatography steps. Figure 2 shows a set of chromatograms from a typical plasma sample. With the 3 µm C18 column used in this method, lutein and zeaxanthin were sufficiently separated under isocratic elution with a mixture of acetonitrile and methanol (65:35, v/v) containing 0.065% of triethylamine. As these results show, this approach enables the individual quantification of lutein and zeaxanthin. Figure 2 also shows that this method allows all analytes of interest to be well separated from each other and there is no interference with other compounds found in human plasma.
The geometric isomers of lycopene are not baseline-resolved (Figure 2 ), but are resolved sufficiently to separate and quantitate the all-trans-lycopene and 5-cis-lycopene from other cis-isomers. Because of the lack of standards, the peak assignment of cis-lycopene isomers is not certain, which may affect the determination of the ratio between lycopene isomers (31) (32) (33) (34) . Peak 7 ( Figure 2 ) was tentatively assigned to 5-cis-lycopene because its peak area ratio to all-trans-lycopene is similar to previous studies (21, 22, 31, 32) . The additional two cis-isomers of lycopene were also separated and are likely 9-cis and 13-cis lycopene according to their peak order by comparison to a previous report that used a similar C18 HPLC system (21) . For quantitation, the calibration curve of all-trans-lycopene was used to calculate the contents of its geometric isomers, although it was reported that cis-isomers with a lower specific absorption than the all-transisomer, such as 9-cis-or 13-cis-lycopene were somewhat underestimated (33) . The two cis-isomers of β-carotene were also resolved from their all-trans isomer by this method. Based on their peak order, they are likely 9-cis-β-carotene and 13-cis-β-carotene, respectively (21). Besides those identified retinoids, carotenoids, and tocopherols, a few unknown peaks at wavelength 450 nm with PDA detection in human plasma were also observed. Some of these unknown peaks are well resolved from the other peaks and are present at relatively high concentrations. The identity of these peaks, however, remains to be determined. The retention times and detection limits of each analyte are summarized in Table III . The limit of detection was defined as the lowest concentration of an analyte in a standard solution that could be detected from zero with 95% confidence (n = 10).
Regression analysis of calibration data achieved good linearity over the concentration range tested. Slopes, intercepts, squared coefficients of correlation, and corresponding concentration ranges of calibration are shown in Table IV . Squared correlation coefficients (r 2 ) were > 0.99, indicating a linear relationship in the concentration ranges for all analytes. The day-to-day variations (n = 10) in slope and linearity were generally < 7% and < 0.1%, respectively.
The within-day precision, between-day variations, and recovery rates were tested by using the same human plasma sample enriched with different concentrations of the analytes of interest. The results of the within-day (n = 6) and between-day (n = 6) CV assays are shown in Table II , with CV generally < 10%. The recovery rates through the concentration range tested ranged from 85% to 120% for most of the analytes, indicating good reliability of this HPLC method for human plasma samples. Two lyophilized standard reference material SRM 968c from the NIST were used to check the accuracy of the method. The measured concentration values of alltrans-retinol, δ-tocopherol, γ-tocopherol, α-tocopherol, and trans-β-carotene were compared with NIST certified concentration values (Table V) . The concentration values of lutein, zeaxanthin, β-cryptoxanthin, all-trans-lycopene, total lycopene, and α-carotene along with the NIST reference concentration values are also presented. Our values are in very good agreement with NIST values.
Plasma from 709 young subjects aged 20-29 years were chosen to compare values with those reported in various populations. Plasma concentrations of all-trans-retinol, three tocopherols, and eight carotenoids for these selected samples from women (n = 491) and men (n = 218) subjects are reported in Table VI . The results of plasma concentrations for individual analytes are in good agreement with previously reported values in various populations (9) (10) (11) (12) (13) .
The plasma for which the retinol, tocopherol, and carotenoid concentrations were reported had been stored for up to 3.5 years and had undergone only one freeze/thaw cycle prior to HPLC analysis. Although no stability studies were performed using the HPLC method described, retinol, α-tocopherol and β-carotene have previously been reported to be stable for at least 15 years when stored at temperatures at or below -70°C (35). Comstock et al. (36) , have also reported no significant losses of retinol, α-carotene, β-carotene, cryptoxanthin, lutein, lycopene, α-tocopherol, and γ-tocopherol for up to 4 years when stored at a temperature of -70°C. Furthermore, stability studies on extracted samples have shown that extracted samples reconstituted in a solvent containing an antioxidant are stable in an autosampler for at least 24 h at a temperature of 10°C (12) . In this method, extracted samples were reconstituted in a solvent (ethanol) containing the antioxidant BHT, placed in an autosampler at 10°C and injected into the HPLC column within 24 h. These previous stability studies suggest that the plasma analyzed using the HPLC method described did not undergo significant losses of retinoids, carotenoids, or tocopherols prior to HPLC analysis.
Conclusion
In summary, this method shows that all-trans-retinol, three tocopherols and most of the major carotenoids and their isomers in human plasma can be simultaneously separated and quantified by the use of a small particle size (3 µm) polymeric C18 chromatography column with isocratic elution. With this method, all analytes of interest are well resolved including the geometric isomers lutein and zeaxanthin and the different isomers of lycopene. The sample preparation procedure in this method provides excellent recoveries for all analytes, and the method is rapid, sensitive, reliable, and suitable for large-scale studies. 
